C3 glomerulopathy (C3G) is characterized by C3 deposits with minimal immunoglobulin deposition caused by alternative complement pathway dysregulation. Unfortunately, no therapeutic intervention has consistently improved outcomes for patients with C3G. Eculizumab, a monoclonal antibody to C5, is currently the only approved complement-specific agent with some efficacy in the treatment of C3 glomerulonephritis (C3GN). Here, we describe a patient with acute crescentic C3GN with no identified complement mutation or family history of renal disease who required dialysis for 6 months. Five months after initiation of eculizumab, she became dialysis independent, showing improvement is possible after adequate time on eculizumab.
Introduction
Dysregulation of the alternative pathway (AP) of complement causes a spectrum of kidney diseases ranging from atypical hemolytic uremic syndrome (aHUS) to C3 glomerulopathy (C3G) [1] [2] [3] . C3G encompasses all glomerular lesions characterized by predominant C3 deposits with little to no immunoglobulin deposition and include C3 glomerulonephritis (C3GN) and dense deposit disease (DDD) [4] . Both C3GN and DDD carry a poor prognosis with rates of progression to end-stage renal disease (ESRD) reported in up to 50% of patients with C3GN [5] and DDD [6, 7] . Furthermore, recurrence rates in transplant can be as high as 66.7% of patients with C3GN [8] and up to 70% of patients with DDD [7] . Due to these allograft recurrence rates, therapies are needed to slow or prevent progression to ESRD [5, 9, 10] . Unfortunately, therapeutic options are limited. Small trials with anticellular immune therapies with or without plasma therapy have shown little efficacy at preventing progression as well as recurrence of C3G [6, 10, 11] . Eculizumab, a humanized monoclonal antibody to C5, has been used successfully in the treatment of other complement-mediated diseases such as aHUS and paroxysmal nocturnal hemoglobinuria [12, 13] . There are limited data showing some efficacy in the treatment of patients with DDD and C3GN [14] . Here, we report a case of C3GN who after 5 months of eculizumab therapy and dialysis was rendered dialysis independent and remains as such 1 year later.
Clinical history
A 38-year-old woman with a history of recurrent idiopathic urticaria and well-controlled Type II diabetes mellitus was sent to the emergency room by her primary care physician for a blood pressure of 215/110 mmHg. The patient was noted to have periorbital and lower extremity edema with the remainder of her physical exam unremarkable. Laboratory evaluation revealed a serum creatinine of 11.0 mg/dL (972.4 mmol/L) [ Urine protein electrophoresis and immunofixation electrophoresis showed a free lambda light chain. Serum free lambda light chain was markedly elevated at 901 mg/L with a very low ratio at 0.09. Renal ultrasound revealed bilateral 13 cm × 6 cm kidneys. The patient was started on hemodialysis 4 days after presentation due to worsening renal failure. Empiric treatment with 500 mg of intravenous methylprednisolone daily for 5 days was followed by prednisone 60 mg daily in divided doses.
Kidney biopsy
A kidney biopsy revealed 49 glomeruli, one globally sclerosed, with moderate to marked nodular mesangial expansion with increased silver negative matrix and mild hypercellularity. Twenty-three glomeruli had cellular crescents but no fibrinoid necrosis or endocapillary hypercellularity and of these, 14 had segmental sclerotic lesions. There was mild interstitial fibrosis and mild-to-moderate vascular changes. ( Figure 1A ) A Congo red stain was negative.
Immunofluorescence revealed strong mesangial staining for C3 diffusely without evidence of immunoglobulins, light chains or C1q ( Figure 1B ). Electron microscopy revealed numerous large ill-defined mesangial and occasional small subendothelial electron-dense deposits and diffuse effacement of podocytes ( Figure 1C ). The final diagnosis was C3 glomerulonephritis.
Clinical follow-up
The patient failed to improve clinically after three weeks and was transferred to the university hospital. Functional and genetic studies of the AP of complement were performed at the University of Iowa as previously described [15] and revealed an elevated soluble membrane attack complex (sMAC) level of 0.36 mg/L (reference range, <0.3 mg/L) as well as a positive complement hemolytic assay 6.17% (reference range, <3%), indicating abnormal surface regulation of the AP in our patient. Additionally, the patient was found to be homozygous for the CFHR3-CFHR1 deletion polymorphism. Evaluation for an FH autoantibody or C3 nephritic factor was negative. Free lambda value improved to 45 mg/L and light chain ratio normalized. The patient also tested negative for gene mutations encoding for complement factors H, I and B as well as C3, membrane cofactor protein, complement factor H-related protein 5, thrombomodulin, diacylglycerol kinaseepsilon, plasminogen and ADAMTS13. Due to her acute presentation, minimal fibrosis on biopsy, and likelihood of recurrence in a future allograft, aggressive management was instituted. Plasmapheresis was initiated for three treatments given some success previously reported in patients with C3G [16, 17] . After the third plasmapheresis, eculizumab was initiated at 900 mg weekly for 4 weeks then 1200 mg every other week. The patient received the meningococcal vaccine prior to starting eculizumab followed by prophylactic ciprofloxacin for 14 days. The patient remained dialysis dependent during her hospitalization and was transitioned to peritoneal dialysis prior to discharge.
After initiation of eculizumab, renal function and proteinuria improved (Figure 2 ). Five months after initiation of therapy, dialysis was discontinued and 24-h creatinine clearance was 34 mL/min with 2.04 gm/day of proteinuria. The patient's renal function continued to improve off dialysis with a serum creatinine of 2.3 mg/dL and an estimated glomerular filtration rate of 29 mL/min/1.73 m 2 .
Discussion
The diagnosis of C3G is dependent upon C3 dominant staining with minimal immunoglobulin staining on kidney biopsy. This pattern implicates uncontrolled activation of the AP of complement in the pathogenesis of these diseases [3] . To maintain complement homeostasis and prevent nonspecific cell damage when the AP is activated, typically there is accelerated dissociation of the AP C3 convertase and inactivation of C3b by proteins present in plasma and on cell membranes, limiting the location and activity of complement. Many patients with C3G have identified acquired or genetic defects associated with AP dysregulation [18] . These defects include mutations in complement genes (encoding for factor H, factor I, factor B and C3) or acquired autoantibodies that either stabilize C3 convertase (C3 nephritic factors) or affect the inhibitory complement factors (factor H autoantibodies), leading to dysregulation of the AP C3 convertase, with variable concomitant dysregulation of C5 convertase [3, 19] . Due to the heterogeneity in pathogenesis, evaluation of serum C3 and C4 levels, factor H and C3 nephritic factor are recommended [20] . Another possibility of complement activation exists in this patient in that lambda light chains have been shown to prevent CFH binding to C3b, thereby leading to AP dysregulation [21] .
The therapeutic options for patients with C3G are limited and previous studies are difficult to interpret due to the heterogeneous patient population. Basic measures have included renin-angiotensin blockade to reduce proteinuria [6] . Immunosuppressive therapy has had little success in changing renal outcomes, while plasmapheresis has had limited success in patients with identified autoantibodies or with complement factor H mutations [6, 11, 14, 16, 17, 22] .
Eculizumab is a humanized monoclonal antibody that binds to C5 and prevents the generation of membrane attack complex (MAC), the common terminal pathway of complement-mediated injury in all types of C3G. Few case reports and one open-label studies have reported successful treatment with eculizumab in patients with C3GN and DDD [14, 22, 23] , indicating eculizumab treatment may be appropriate for some patients with C3G. Based on these limited studies, measurement of sMAC may help predict patient response to eculizumab [14, 24, 25] . Other clinical factors that may predict response to eculizumab include short disease duration and active inflammatory lesions with limited fibrosis on kidney biopsy [14, 20] . All of these features were present in the case described.
The response time to eculizumab therapy remains largely unknown for patients with C3G. However, parallels might be drawn from treatment of aHUS given the common pathogenesis of AP dysregulation. In two prospective trials studying the use of eculizumab in aHUS, treatment duration included an initial 26-week trial of eculizumab with additional long-term extension phases lasting 62-64 weeks [12] . Significant improvements in renal function and proteinuria were seen throughout the initial 26-week period, and many continued to improve through the 64 week [12] . Limited data in C3G support prolonged therapy with eculizumab may be necessary prior to seeing results [14] . Our patient required eculizumab therapy for 5 months prior to developing renal recovery. Data from these studies as well as our case report suggest a long therapeutic trial of at least 6 months on eculizumab is needed to assess response to therapy. However, reporting bias may be present in the literature, and in order to evaluate if this response is applicable to all patients with C3G, controlled studies are needed.
In conclusion, eculizumab may be appropriate in patients with C3GN with limited duration and minimal fibrosis on kidney biopsy. A minimum of 6 months of therapy may be necessary prior to declaring treatment failure.
